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This thesis presents a study on the thermomechanical properties of Bombyx Mori silk 
nanofibers. These nanofibers were obtained from silkworm cocoons which were degummed 
to separate the fibroin and the sericin, the two proteins that make up silk. The fibroin was then 
centrifuged to remove insoluble particles and stored and 4°C before the electrospinning 
process.  
A parametric study of the electrospinning process was carried out in order to identify the 
factors allowing to obtain optimal mechanical properties. The current as well as the flow rate 
applied, the diameter of the syringe, the distance separating the syringe from collector or even 
the environmental conditions and the concentration of the solution are all parameters 
influencing the specific characteristics of the nanofibers obtained, in particular their diameter, 
their distribution and their orientation.  
A range of concentrated solutions from 1% to 6% silk fibroin were prepared with 
Hexafluoroisopropanol (HFIP) as a solvent. These solutions were electrospun using process 
parameters which corresponded to the best conditions for electrospinning. The morphologies 
of these nanofibers were characterized by scanning electron microscopy (SEM). Their 
mechanical properties have also been evaluated using the lab nanomechanics testing system 
specially designed for single fiber tensile testing enabling to link the influence of 
electrospinning parameters to the final properties of silk nanofibers. 
The thermal properties of the degummed silk fibroin were also investigated using differential 
scanning calorimetry (DSC) which allowed to determine the specific phase transitions and 
crystallinity of degummed silk fibroin and silk nanofibers. Moreover, Raman spectroscopy 
has been performed to characterize the molecular composition and the external structure of 























First of all, I would like to express my deep gratitude to my advisor Dr Yuris Dzenis 
who supervised me throughout this thesis and who shared his valuable advice with me. May 
he also be thanked for his kindness, his permanent availability and for the many 
encouragements he provided me throughout my Master's Thesis. 
 
I would also like to thank Dr Nicolas Delpouve for his follow-up and his responsiveness from 
across the ocean as well as all my professors at the University of Rouen who encouraged me 
to continue my studies at the University of Lincoln Nebraska. 
 
My thanks also go to Lucas Barry for his patience, kindness and availability who has helped 
and trained me many times during my research. 
 
Finally, I would like to sincerely thank my family and friends for their tremendous support 
throughout my stay in Lincoln. 
 
 
  TABLE OF CONTENT 
Chapter 1: Introduction .............................................................................................................. 1 
1. Problem Statement .......................................................................................................... 1 
2. Introduction to the study ................................................................................................. 3 
3. Aims and Objectives ....................................................................................................... 4 
Chapter 2: Background ............................................................................................................... 5 
I. Spider Silk ....................................................................................................................... 5 
1. The interest for spider silk ............................................................................................... 5 
2. Mechanical Properties of spider silk ............................................................................... 6 
3. Recombinant spider silk ................................................................................................ 10 
II. Bombyx Mori Silk ......................................................................................................... 13 
1. Formation and composition of B. Mori silk. ................................................................. 13 
a. Sericulture .................................................................................................................. 13 
b. Composition of Bombyx Mori silk ............................................................................ 15 
c. Structure of Bombyx Mori silk .................................................................................. 16 
2. Characterization of Silk ................................................................................................. 18 
a. Mechanical Properties ............................................................................................... 18 
b. Thermal Properties .................................................................................................... 21 
Chapter 3: Materials & Methods .............................................................................................. 23 
1. Materials ........................................................................................................................ 23 
7 
 
2. Production of Silk solution ............................................................................................ 24 
a. Degumming Process .................................................................................................. 24 
b. Dialysis ...................................................................................................................... 25 
c. Centrifugation ............................................................................................................ 26 
d. Production of silk fibroin films ................................................................................. 27 
3. Electrospinning .............................................................................................................. 28 
a. Solution Parameters ................................................................................................... 30 
b. Process Parameters .................................................................................................... 32 
c. Environmental Parameters ......................................................................................... 33 
4. Nanofiber Imaging ........................................................................................................ 34 
5. Nanomechanical Testing ............................................................................................... 35 
6. Raman Spectroscopy ..................................................................................................... 37 
7. Differential Scanning Calorimetry ................................................................................ 38 
Chapter 4: Results & Discussion .............................................................................................. 39 
1. Parametric Analysis of Electrospinning ........................................................................ 39 
a. Influence of the concentration ................................................................................... 39 
b. Influence of the applied current ................................................................................. 45 
c. Influence of Flow rate ................................................................................................ 46 
d. Influence of the distance needle - collector ............................................................... 47 
e. Influence of needle diameter ..................................................................................... 48 
2. Nanomechanical Testing ............................................................................................... 49 
3. Raman Spectroscopy ..................................................................................................... 56 
8 
 
4. Differential Scanning Calorimetry ................................................................................ 60 
Chapter 5: Conclusion .............................................................................................................. 63 
1. Current Conclusion ....................................................................................................... 63 
2. Future work ................................................................................................................... 64 




LIST OF FIGURES 
Figure 1: The silk glands and threads of Araneus diadematus. The glands are called by their 
Latin names, which are again referred.when associated with the type of silk they produce [18].
 .................................................................................................................................................... 6 
Figure 2: Typical stress strain curve for spider dragline silk reeled from a Nephila edulis 
female, based on experimental data. [22] .................................................................................. 8 
Figure 3: Comparison of stress-strain curves for several materials (figure modified from 
Gosline et al. [17]). ................................................................................................................... 10 
Figure 4: Generic curves (thick lines) and tensile performance envelopes (dashed bound 
areas) of spider dragline silk (orange), silkworm silks (light blue), reconstituted silks (light 
green), recombinant silks (blue) and selected synthetic polymers (PC, PET, PMMA red) [39].
 .................................................................................................................................................. 12 
Figure 5: Stages of life history of mulberry silk worm Bombyx mori.[41] ............................. 14 
Figure 6: Bombyx mori silk gland organization [43] ............................................................... 15 
Figure 7: Schematic presentation of the silk fibroin (SF) structure; d represents the diameter 
of a single silkworm thread [44] .............................................................................................. 17 
Figure 8: Representative tensile stress-strain curves measured for different natural fibers [48]
 .................................................................................................................................................. 18 
Figure 9: Stress-strain curves of silk fibers classified into 5 types [48] .................................. 21 
Figure 10: Cocoons used to produce silk nanofibers ............................................................... 23 
Figure 11: A cocoon and its silkworm ..................................................................................... 23 
Figure 12: Dialysis of the silk solution .................................................................................... 26 
Figure 13: Silk Fibroin film ..................................................................................................... 27 
Figure 14: Diagram of the electrospinning process [56] .......................................................... 29 
2 
 
Figure 15: Sample preparation procedure and calibration of the nanomechanics testing 
system. (a) Schematic of the window collector and the procedure for obtaining individual 
NFs; (b) schematic of sample preparation for mechanical testing and diameter measurement; 
(c) NF mounted on the grips of the nanomechanics testing system; (d) calibration curve 
obtained by measuring the force exerted by pre-weighted steel foil samples [67]. ................. 36 
Figure 16: DSC 204 F1 Phoenix .............................................................................................. 38 
Figure 17: Average nanofiber diameter vs silk fibroin concentration...................................... 43 
Figure 18: Diameter distribution of 2% silk fibroin nanofibers ............................................... 44 
Figure 19: Diameter distribution of 1% silk fibroin nanofiber ................................................ 44 
Figure 20: Average nanofiber diameter vs Applied current ..................................................... 45 
Figure 21: Average nanofiber diameter vs applied flow rate ................................................... 47 
Figure 22: Microstructure of nanofibers obtained for a flow rate of 1mL/h ............................ 47 
Figure 23 : Average nanofiber diameter vs distance needle - collector ................................... 47 
Figure 24: Average nanofiber diameter vs needle diameter .................................................... 48 
Figure 25: True strength of silk fibroin nanofibers in function of their diameter .................... 50 
Figure 26: Toughness of silk fibroin nanofibers in function of their diameter ........................ 51 
Figure 27: Young’s modulus of silk fibroin nanofibers in function of their diameter ............. 51 
Figure 28: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 
322nm. Yellow: 201nm. Orange: 186nm. Blue: 145nm .......................................................... 51 
Figure 29: True stress strain curve of silk fibroin nanofibers .................................................. 56 
Figure 30: Comparison of the true stress-true strain curves of natural spider silk and spider 
silk gut fibers [68] .................................................................................................................... 54 
Figure 31: Stress-strain curves of natural fibers. Grey: hair (42,2 μm). Yellow: Cotton (12,87 
μm). Blue: Degummed Silk (11,3μm). Orange : silk fibroin (145 nm) ................................... 54 
Figure 32: Raman spectra of silk (red)) and fibroin (black) fibers [72] ................................... 56 
3 
 
Figure 33: Raman Spectra of silk nanofibers and degummed silk ........................................... 57 
Figure 34: Raman spectra of degummed silk and of different percentage of silk fibroin 
nanofibers ................................................................................................................................. 58 
Figure 35: DSC curves of degummed silk and 2% silk fibroin nanofibers .............................. 61 
Figure 36: DSC heating curves of degummed B. mori silk fiber (black) and lyophilized silk 






LIST OF TABLES 
 
Table 1: Average Values of Mechanical Properties of Silk Fibers and High-Performance 
Synthetic Fibers [27] .................................................................................................................. 9 
Table 2 : Mechanical parameters of synthetic and natural fibers and steel .............................. 19 
Table 3: Average silk nanofiber diameter and microstructure obtained after electrospinning 
for different concentration ........................................................................................................ 40 
Table 4: Average diameter of nanofiber obtained for different current values ........................ 45 
Table 5: Average diameter of nanofiber obtained for different applied flow rate ................... 46 
Table 6: Average diameter obtained for a specific distance needle - collector ........................ 47 
Table 7: Average diameter obtained for different needle diameter.......................................... 48 
Table 8: Position and Assignment of Different Bands of Silk Proteins [77] ........................... 58 
 
Chapter 1: Introduction 
 
1. Problem Statement 
Polymeric materials can be characterized in two main families according to their 
origin: polymers of petrochemical origin and biosourced polymers. This classification is 
based on the origin of the raw material. This involves, through the use of bio-sourced 
materials, to develop new raw materials for the manufacture of polymer materials in order to 
reduce dependence on petroleum; and to find new innovative properties thanks to the infinite 
wealth of life. This classification therefore does not take into account the properties of the 
material which can be developed. These are not specific to each family.  
Bio-sourced materials can be separated into three categories: natural polymers (eg cellulose, 
silk, chitin); polymers resulting from biotechnology (eg bacterial cellulose); and synthetic 
polymers (Ex: poly-lactic acid). The fiber market is only part of this field of polymer 
materials. And it is within this market that we find natural fibers, and silk. The natural fibers 
can be saccharides such as cellulose in plants (cotton, sisal, flax, etc.) or chitin in arthropods, 
or proteins such as wool (keratin) or silk. Silk is found in many animals in the class of insects 
such as Lepidoptera (butterflies), Hymenoptera (bees) or other orders of insects, the class of 
arachnids (spiders), and other groups of animals (mollusks). Silk is more widely part of the 
fibrous proteins.  
The attraction for this natural / biobased polymer is growing. With a remarkable combination 
of stress and strain at break, silk fibers are considered the "best" natural fibers that can 
compete with high performance synthetic fibers, with superior qualities attributed to spider 
silk. Silk polymers have recently become desirable for use in biomaterials owing to their 
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remarkable properties. Indeed, they are mechanically strong, biocompatible, biodegradable, 
and can be easily   shaped   as   various   tissue   scaffolds.    
Their unique mechanical properties are due to the highly repetitive sequences in the fibrous 
proteins, which lead to homogeneous beta-sheet crystals in their secondary structures. [1-3] 
Even if the literature considers silk as a homogeneous material both in its structure and in its 
mechanical properties, the great variability of the mechanical properties is established. [4] 
The remarkable mechanical characteristics of silk are not their only asset. They also exhibit 
good thermal and chemical stability, a certain morphological flexibility, and make it possible 
to consider biomedical applications (biocompatibility, controlled proteolytic biodegradability) 
or chemical grafts (for example to immobilize growth factors) 
Fibrous proteins play an essential role in mobility, structure and protection at the cellular and 
tissue level, up to the level of organisms. However, despite much research, the assembly 
mechanisms as well as the structure of such materials remain incompletely known. And yet, 
the mechanical performances in particular, are very interesting. They therefore have enormous 










2. Introduction to the study 
Silk has been a material known for thousands of years. Its fibers, although mainly used in 
the textile sector (because silk is naturally thin, light and pleasant to wear), are increasingly 
studied because of their excellent mechanical properties, their biocompatibility and their 
biodegradability. In addition, these attractant properties can be enhanced by various chemical 
modifications, which thus allow the attachment of growth factors, cell adhesion domains or 
other molecules of interest, to silk. Associated with the technique of electrospinning, which 
makes it possible to produce nanofibers, the properties of silk proteins can lead to numerous 
applications in the biomedical field. 
Electrospinning is a technique that produces polymer nanofibers (50 to 1000 nm in diameter) 
and allows them to be shaped [5]. The solution rich in fibroin is subjected to a strong electric 
field at the exit of a syringe. This field which charges the liquid jet makes it possible to obtain 
a fiber under the action of electrostatic repulsions. With this technique, different properties 
can be controlled. Indeed, by modifying the spinning parameters (voltage, flow rate, volume) 
or the fibroin solution parameters (viscosity and concentration), it is possible to obtain 
different geometries, fiber diameter, orientation and porosity. 
The final properties of silk nanofibers therefore depend on the parameters of the 
electrospinning process. Thus, the study of these parameters is essential to optimize these 







3. Aims and Objectives 
This study mainly aims to assess the influence of experimental parameters on the final 
properties of silk nanofibers. Several studies around silk nanofibers have already been carried 
out in particular in Dr Dzenis Lab. This research will expand knowledge on the subject thanks 
to the large amount of data obtained during the characterization of these nanofibers. The main 
objectives of this research were: 
- The extraction and purification of fibroin. The spinning of silk fibroin can only be done from 
a liquid solution. The silk is first extracted and purified to separate the sericin from the fibroin 
and then dissolved in solution. 
- A Parametric analysis of the electrospinning process of silk nanofibers. Various parameters 
are studied where several categories are to be distinguished: process parameters (flow rate, 
current, syringe diameter, syringe-collector distance, etc.), solution parameters (concentration, 
viscosity) and environmental parameters (temperature and humidity). 
- The characterization of the thermomechanical properties of nanofibers. Evaluation of 
mechanical properties using nanomechanical tensile tests and thermal properties using 









Chapter 2: Background 
I. Spider Silk 
 
1. The interest for spider silk 
 
In the early 1970s, the research groups of Work, Gosline and Tillinghast produced a 
few papers describing the physical, mechanical and chemical properties of silk thus rekindling 
the craze for spider silk [6]. Since the mid-1980s, scientific interest has only grown over the 
years. Indeed, with less than five scientific publications per year between the years 1985 and 
1990, there are now more than 80 articles per year on spider silk since 2004.  
Thanks to its exceptional properties, we could see a strong comeback of spider silk in the next 
few years. Indeed, by means of an efficient artificial spinning process perfectly mimicking 
that of the spider, it would be possible to produce fibers from recombinant silk proteins. We 
can even think of obtaining new "techno-fibers" having the desired attributes made from 
genetically modified proteins or even from polymer-protein mixtures [7-10]. 
However, to artificially reproduce fibers whose mechanical properties have been optimized 
during 400 million years of evolution in the spider, two major obstacles mainly arise in front 
of us [11]. First, you have to be able to produce silk proteins on a large scale, because 
breeding the spider is not an option given its low silk production and cannibalistic behavior 
[12]. Secondly, it is imperative to elucidate all the details of the complex spinning process 
taking place in nature, in order to obtain an insoluble fiber from a highly concentrated protein 
solution which compares mechanically in every way to that of the spider. 
Scientific advances in molecular biology provided the required the tools to extract, synthesize 
and assemble genes allowing the production of large quantities of proteins with more or less 
high yields, the first objective has been partly elucidated. There remains mainly the 
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achievement of the second objective, which many are trying to achieve by trying to better 
understand all the mechanics behind the process of spinning the sericogenic solution 
contained in the bag of the gland, which flows along the duct, until obtaining an insoluble 
fiber having the mechanical properties that we know. 
 
2. Mechanical Properties of spider silk 
 
The exceptional mechanical properties of spider silk are the main reason for the 
resurgence of interest from the scientific community in this fiber. Indeed, the yarn produced 
by spiders is a biomaterial which has an interesting combination of mechanical properties 
(strength, resistance, extensibility and endurance), in particular for the weft yarn [13-15]. This 
precision is all the more important as the spider can produce up to 7 types of silk with 
different mechanical properties suitable for various vocations [16-18]. 
Figure 1: The silk glands and threads of Araneus diadematus. The glands are called by their Latin names, which are again referred
.when associated with the type of silk they produce [18]. 
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Figure 1 illustrates the sericogenic glands of a spider weaving orbicular webs as well as the 
types of silk it produces. It can be seen that the weft thread is mainly produced for the 
construction of the very structure of the web (frame and spokes) as well as for the survival 
thread during a rapid vertical descent [19]. The aciniform glands produce the thread to wrap 
the prey, while the silk used to make the spider's cocoon comes from the cylindriform glands. 
In addition, it is the flagelliform and aggregated glands which respectively synthesize the 
proteins of the very extensible thread of the spirals of the web to intercept the prey in flight as 
well as the sticky coating to retain them [20-21]. 
In order to be able to compare the mechanical properties of various materials with each other, 
it is important to understand the meaning of the various terms used in the field. To do this, 
here is a brief description of the vocabulary used in the field of textiles and polymers, both 
natural and synthetic. 
First, Figure 2 illustrates schematically a typical tensile experiment performed on a material; 
this is the curve of the stress as a function of the strain. The stress of a material (a) is the force 
applied to this material per unit area, and it is expressed in Pascal. When a stress is applied, 




− 1) × 100. For low stresses, the strain is said to be elastic, i.e., the material 
returns to its initial state when the stress is removed and, in this linear domain, it follows 
Hooke's law: 
𝜎 = 𝐸. 𝜀 
where E is the slope of the elastic strain, which is also called Young's modulus or initial 
modulus. The term used to denote the value of Young's modulus is the strength of the 
material, so the higher the initial modulus, the better the strength of the material. Other terms 
are commonly used to designate the mechanical properties of certain fibers. The strength and 
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extensibility of a material are used to qualify the stress and strain at the point of failure of the 
material, respectively. Finally, the term toughness is used to quantify the fracture energy of a 
material corresponding to the area under the stress-strain curve. 
 
Figure 2: Typical stress strain curve for spider dragline silk reeled from a Nephila edulis female, based on experimental data. 
[22] 
It is moreover this last characteristic which is particularly exceptional in the case of the weft 
thread of the spider, because it can thus dissipate a large quantity of energy before giving 
way. This property could be very interesting for several industrial applications, in particular 
for making bulletproof vests less heavy than those currently used, as support cable of all 
kinds, as well as for the production of fishing lines. Other applications are also conceivable in 
the biomedical field given its biocompatibility, more particularly for the production of suture 
as well as as a matrix for the support of cells in tissue engineering [23-25]. 
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In order to better illustrate the exceptional character of spider silk, Figure 3 accompanied by 
Table 1 show schematically and experimentally, respectively, the comparison between 
various types of silk and synthetic fibers commonly used. In the light of the scientific data 
collected, it can be seen that spider silk, despite a density 6 times lower, has a tensile strength 
similar to that of steel. It was also observe that spider silk has an extensibility equivalent to 
more than ten times that of Kevlar 49®, for a total endurance of 165 MJ-m3, or three times 
that of Kevlar (50 MJ-m 3) and 25 times that of steel (6 MJ- m 3) [26-27]. 
It is also noted that although the silk of the Bombyx mori silkworm has a higher stretchability 
than many types of fiber, the combination of its stretchability and strength is much lower than 
that of spider silk. This incredible combination of mechanical properties is undoubtedly 
directly related to the optimization of several parameters, including the composition and 
structural organization of fiber proteins during the spinning process, still poorly understood by 
the scientific community [28]. 
Table 1: Average Values of Mechanical Properties of Silk Fibers and High-Performance Synthetic Fibers [27] 
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3. Recombinant spider silk 
 
Given the exceptional mechanical properties unique to spider silk, it would be interesting 
to be able to produce it industrially. However, spiders are cannibals, so it is very difficult to 
domesticate them. In addition, the spider does not produce a very large amount of silk and it 
must live in an environment with controlled humidity and temperature. It would therefore be 
too costly for the industry to market this type of breeding. In order to find a more efficient 
way to produce silk in large quantities, molecular biology researchers succeeded in isolating 
the genes that code for the synthesis of spider silk and inserting them into a host system. The 
hosts used are generally the bacterium Escherichia coli (E. coli), potato and tobacco plants as 
well as mammals. This silk, obtained by genetic modifications, is called recombinant silk. 
 
 
Figure 3: Comparison of stress-strain curves for several materials (figure modified from Gosline et al. [17]). 
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Several research groups have produced spider silk using the E. coli vector [29-32]. 
They chose this host system since it handles well, gene duplication is rapid, and the bacteria 
are readily available commercially. The principle is relatively simple; genes encoding spider 
silk are inserted into the genes of the bacterium E. coli. Since the genes encoding spider silk 
are part of the bacteria's genetic baggage, the bacteria's cells multiply the gene by multiplying 
on their own. When the bacteria synthesize its proteins, it also synthesizes spider silk proteins. 
With biochemical purification methods, the MaSpI and MaSpII proteins of spider silk can be 
isolated from other components of the E. coli bacteria [33]. 
Scheller's group chose to use a plant as a vector to produce spider silk proteins. They first 
inserted the two genes (MaSpI and MaSpII) into the cells of tobacco and potato leaves. When 
the cells multiply while the leaf is growing, using messenger RNA, the genetically modified 
plant can synthesize both spider silk proteins. When the plant is big enough, the leaves are 
harvested and the spider silk protein extracted. The production of spider silk proteins through 
plant leaves is 10-50% greater than overexpression in E. coli bacteria [34-35]. 
The company Nexia Biolechnologies Inc. of Montreal (Nexia) has instead opted for the 
insertion of the genes encoding the MaSpI and MaSpII proteins in the mammary cells of a 
goat. The company's molecular biologists inserted the DNA sequences of these proteins into 
dominant genes in goat mammary cells. Being on dominant genes, spider silk proteins can be 
passed down from generation to generation. When the goat is in the lactation period, it 
expresses the MaSpI and MaSpII proteins in its milk. The recombinant proteins could be 
isolated from the other components of milk by precipitation and column chromatography. 
This company has also succeeded in manufacturing synthetic silk fibers by wet spinning [36]. 
The extrusion was carried out from aqueous solutions or in organic solvents. By exerting 
pressure on the piston of the extruder, a thread of the protein comes out of the extruder and 
upon contact with methanol, the proteins coagulate and form a silk thread. With the help of a 
12 
 
pulley system, tension is exerted, which allows better control of the orientation of the 
crystalline domains in the regenerated fiber. 
Recombinant proteins are found in different forms such as powder, gel, fiber and membrane. 
The fields of application can be just as varied: medical (suture thread, biomaterial), 
nanofibers, high performance textiles, food additives, cosmetics, culture medium [37-38]. 
However, although recombinant spider silk can be obtained through several processes, their 
final mechanical properties are not similar to natural spider silk. Indeed, their mechanical 
properties are significantly lower as shown in Figure 4. Different results can be found for the 
mechanical properties of silk (i.e., Figure 3 and Figure 4) but it is admitted that natural spider 
silk has higher mechanical properties as Bombyx Mori silk.  
Faced with such a finding, other alternatives to recombinant spider silk have been considered 
to approach the exceptional properties of natural spider silk. Research has therefore turned to 
reducing the diameter of natural silk and mainly Bombyx Mori silk, which is much easier to 
Figure 4: Generic curves (thick lines) and tensile performance envelopes (dashed bound areas) of spider dragline silk 
(orange), silkworm silks (light blue), reconstituted silks (light green), recombinant silks (blue) and selected synthetic polymers 
(PC, PET, PMMA red) [39]. 
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produce in large quantities. The main motivation for this research lies in the fact that a 
reduction in the diameter of the fibers leads on the one hand to smaller fiber defects but also 
to a lower probability of having defects and therefore to a better resistance of the fibers to 
mechanical stresses. Thus, this report deals with the production and evaluation of the 
properties of Bombyx Mori silk fibroin nanofibers. 
 
II. Bombyx Mori Silk 
 
1. Formation and composition of B. Mori silk. 
a. Sericulture 
The original silkworm species used is the wild silkworm Bombyx mandarina which 
domestically gave rise to Bombyx mori. While current yields reach cocoons producing over 
1600m of yarn, the cocoons originally were expected to produce between 100 and 150m. It 
was through extensive selection that man was able to domesticate the silkworm, obtaining a 
poorly mobile worm, and a butterfly incapable of flight and therefore of reproducing without 
human help. 
The development cycle of Bombyx mori is broken down into several phases: the egg; larval 
stages; the pupal stage; and the adult. These four phases are separated by molts and 
metamorphosis of the chrysalis to give the butterfly. The larval phases last about twenty days 
and are made up of 5 stages separated by molts. These molts allow an increase in the volume 
of the worm and the continuity of growth. The metamorphosis lasts about ten days and allows 
a reorganization of the chrysalis in the cocoon to form the butterfly. In the adult stage, 
individuals seek to reproduce in order to lay eggs and allow a new cycle (Fig.5).[40] 
For the production of cocoons, the worms are placed on racks which are covered with 
mulberry leaves. Indeed, the worms of Bombyx mori feed exclusively on this type of 
14 
 
Figure 5: Stages of life history of mulberry silk worm Bombyx mori.[41] 
vegetation. They can thus grow optimally. When they reach the fifth stage, they are moved to 
appropriate devices to facilitate the production of their cocoon. The cocoons are then 
harvested by the sericulturist who delivers them to the spinning mill. Upon receipt, after 
control, the cocoons are steamed to kill the chrysalis and prevent it from turning into a 
butterfly. Indeed, to get out, the latter would pierce the cocoon and cut the continuous thread 


















b. Composition of Bombyx Mori silk 
Silk is a thread made up of two strands wrapped in a sheath. The whole system is made up 
of proteins. At first glance, it can be considered that the strands are made of fibroin and that 
the sheath, also called sandstone, is made up of sericin. The production of silk thread by the 
worm consists of protein synthesis followed by storage; then spinning the gel to form the 
thread and make the cocoon. Silk, which is protein in nature, is synthesized by two so-called 
silk glands, symmetrical, open to the outside by the sector.  
These silk glands can be divided into three distinct parts: posterior, middle and anterior 
(Fig.6). They are made up of exocrine cells that can synthesize and then secrete the product of 
their synthesis into the lumen outside the cell. The posterior part synthesizes fibroin. The 
middle part which can itself be subdivided into three sections produces three types of sericins 




Figure 6: Bombyx mori silk gland organization [43] 
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The silk is therefore presented as a coaxial, the central part of which is composed of fibroin 
and the external part of sericin. The last part, anterior, does not produce any protein, it is 
covered with a thin cuticle (protective wall). It is only a conduit leading to the final part 
formed by the spinneret [42]. 
 
c. Structure of Bombyx Mori silk 
As stated above, silk is essentially made up of two proteins: fibroin and sericin. Fibroin 
forms the central part of the strand while sericin surrounds the central part. However, sericin 
is not the source of the mechanical properties of silk. Its main role is being the gum covering 
the fibers and allowing them to stick together. The main properties of silk are based on 
fibroin. 
Fibroin is a fibrous protein whose composition and structure give silk thread its qualities. It is 
a set of polypeptide chains organized in folded antiparallel β sheets. The primary structure of 
this protein is defined by a succession of the glycine - alanine - glycine - alanine - glycine - 
serine (GAGAGS)n repeating units. This highly crystalline structure essentially contains 
hydrogen bonds that organize amino acids (AA) in the form of helices. The repeating 
sequence of amino acids results in a strongly coherent structure that gives silk thread its 
unique properties. There are two regions that exhibit repeating amino acid sequences: an 
alanine-rich sequence and a glycine-rich sequence. 
The form of a folded structure called the beta sheet taken by the protein is due to the sequence 
rich in alanine. It looks like an accordion sheet of paper. When the silk protein folds back, the 
beta sheets juxtapose to produce a fibrous protein which confers some of the interesting 
mechanical properties of silk. This type of crystal structure is called type II silk. It is an 
antiparallel beta sheet structure, belonging to the monoclinic system [44].  
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The second existing conformation is in the form of type II β-turns, also called type I silk. It 
constitutes the remainder of the precipitated fraction and is found in the soluble fraction. It is 
also present from the start, during storage in the glands and results in the formation of type II 
silk. It is a metastable structure with spatial conformation with a crank or zigzag S structure, 
belonging to the orthorhombic system (Fig. 7) [45]. 
Finally, the rest of the structure is composed of α-helices and amorphous in structure. Finally, 
a very particular conformation has been observed under certain conditions, in particular the 
interfaces, called type III. But its study is limited to the understanding of experimental 
anomalies but does not shed any light on the understanding of microstructural phenomena. 
At the level of the worm, everything is therefore in place to control the material produced and 
its microstructure. First, by keeping the fibroin liquid during the production and storage 
phase. Then by causing the conformational transition to induce the final microstructure and 
mechanical properties of the wire produced [46]. 
 
 
Figure 7: Schematic presentation of the silk fibroin (SF) structure; d represents the diameter of a single silkworm thread [44] 
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2. Characterization of Silk 
 
a. Mechanical Properties 
The uni-axial tensile test is the most common test used to characterize the mechanical 
behavior of a fiber. Indeed, measuring the compression is much more difficult. The test 
consists in subjecting a test piece to an elongation (∆L) by the relative displacement of its 
ends and in measuring the force (F) necessary for this elongation. [47] 
Figure 8 illustrates an example of a stress-strain curve obtained by this type of test. The stress 
(σ) is defined by σ = F / S0, where F denotes the exerted force and S0 the area of a cross 
section of the fiber. The strain (ε) is the relative elongation, defined by ε = ∆L / L0, where L0 
is the initial length and ∆L is the length variation following stretching.  
The initial slope of the stress-strain curve informs about the stiffness / flexibility of the 
material (Young's modulus, E). The stress (σmax) and strain (εmax) at break are the maximum 
values of stress and strain at the point where the material breaks. The area under the stress-








Figure 8: Representative tensile stress-strain curves measured for different natural fibers [48] 
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Table 2 : Mechanical parameters of synthetic and natural fibers and steel 
Table 2 compares the mechanical characteristics of different natural and synthetic polymeric 
fibers with those of steel and some ceramic fibers. There is great variability for natural fibers. 
This variability concerns not only the stress and the strain at break, very dependent on the pre-
existing defects, but also on the shape of the curve and the value of the slope at the origin (the 
initial Young's modulus), intrinsic quantities of the material. studied while the first quantities 
are object characteristics.  
Silks have a lower breaking stress than several synthetic materials (carbon fibers, Kevlar, 
steel) but their extensibility guarantees them a strong breaking work. 
References: a) [Bunsell 2009]; b) [Gosline et al. 1999]; c) [Sirichaisit et al. 2003]; d) [Vollrath et al. 2001]; e) [Madsen et 
al. 1999]; f) [Lawrence et al. 2004]; g) [Madsen et Vollrath 2000]; h) [Swanson et al. 2006]; i) [Gosline et al. 2002]; j) 
[Gordon 1988]; k) [Pérez-Rigueiro et al. 2000]; l) [Paquin et Colomban 2007]; m) [Zhao et al. 2007]; n) [Kawahara et al. 
1996]; o) [Asrar et Hill 2002]; p) [Schawaller et al. 2012]; q) [Sathishkumar et al. 2014].  
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Different behaviors are in fact observed for the same species, which can be classified into five 
types, of which Figure 9 shows the signatures: 
• Type I consists of an elastic behavior up to ~ 2 to 4% for both bristles and keratins, 
then a plateau until breakage. This type is dominant for very fresh silk fibers, in 
particular manually extracted.  
• Type II consists of two elastic behaviors, the first of higher modulus up to about 1.5% 
and the second up to about 6% and then a quasi-plateau until failure. This type is 
observed for slime (non-eliminated sericin sheath) and also for fibers which have been 
involuntarily put in tension during handling. 
• Type III has a high strain, a lower initial Young's modulus and a stress at break with a 
gradual transition of the elastic regime (<2%) to a quasi-plateau. This signature is 
characteristic of wet fibers. 
• Type IV shows an elastic regime below 2 to 4%, followed by a plateau and then an 
increase in Young's modulus (analogous to the structural hardening of metals) until 
failure. This behavior is observed for the wet and then dried fibers. The curve of a 
semi-crystalline synthetic polyamide like PA66 or PET is type IV.  
• Type V shows a break in the elastic part and is observed for very degraded fibers due 
to heat treatment or aggressive dyeing [49]. 
Hair and wool, natural protein fibers based on keratin, mainly exhibit type III (water 
saturation) or IV behavior. 
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Figure 9: Stress-strain curves of silk fibers classified into 5 types [48] 
 
b. Thermal Properties 
A great deal of information can also be provided by temperature tests. Indeed, 
Differential scanning calorimetry (DSC) is an in-situ characterization technique that measures 
the heat flux that occurs during the change of state accompanied by an exchange of energy 
(heat absorbed or released) over a given time. Heat exchange measurements are tricky 
because it is difficult to isolate a system. Differential measurement overcomes this problem 
since it is differentiated by a witness placed under the same conditions and therefore undergo 
the same environmental disturbances. This generates a clear amplification of the detected 
signal. 
 Thus, by calorimetry (Differential Scanning Calorimetry and Temperature-Modulated 
Differential Scanning Calorimetry), it was possible to observe a glass transition temperature 
(Tg) of 178-179 ̊C in the dry state for the amorphous phase, an exothermic peak at 212 ̊C 
crystallization, and an endothermic melting-degradation peak centered at 263-264 ̊C [50-51].  
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It can therefore be noted that silk is an extremely stable protein polymer. Cellular proteins are 
rarely stable above 50-60 ̊C, leading to a phenomenon of denaturation, loss of spatial 
conformation. It is also possible to notice that there is no endothermic peak of clean 
crystalline fusion, because this one is certainly concomitant with the peak of degradation. The 
degradation is confirmed by gravimetric temperature tests, it begins approximately from 
200 ̊C.  
The glass transition temperature varies according to the humidity rate and the crystallinity rate 
[52]. It therefore decreases by the presence of water (plasticizing effect of water) and 
increases by the level of crystallinity. These results shed light on the micro-structural aspect 
of silk with a macromolecular network connecting the crystallites to the amorphous zones.  
Unlike synthetic fibers where the amorphous phase and the crystalline phase are relatively 
well differentiated. The two regions are linked in the fibroin leading to a two-phase material 
where the disordered macromolecules can come to stabilize around the existing crystallites 
but remain connected to the rest of the amorphous phase. This induces a limitation in the 
degrees of freedom of the amorphous phase justifying the impact of crystallinity on the Tg. In 
addition, the water seems to bind intimately to the material leading to a variation of the Tg as 








Figure 10: A cocoon and its silkworm Figure 11: Cocoons used to produce silk nanofibers 
Chapter 3: Materials & Methods 
 
1. Materials 
Silk fibroin nanofibers are originally obtained from a raw material being Bombyx Mori 
cocoons. These cocoons were purchased from the Mulberry Farms Fallbrook, CA (Fig. 10). 
The worms were previously killed after being steamed to prevent them from turning into 
















2. Production of Silk solution 
 
a. Degumming Process 
The degumming of silk is the first and essential step in obtaining the fibroin solution. It 
makes possible to separate the two proteins constituting the silk cocoon: fibroin and sericin. 
Sericin mainly acts as a glue and keeps the fibers together. The silkworm cocoon can 
therefore be considered as a composite material with fibroin as reinforcement and sericin as 
matrix. 
The degumming process first starts by bringing 2L of distilled water (dH2O) to a boil in a 
glass beaker. 5g of Bombyx Mori silkworm are cut into thirds and extensively contaminated 
cocoons (excessive insect particulates coating the inner cocoon surface) are disposed of. 
4,24g of sodium carbonate (Na2CO3) are measured and slowly added to the boiling distilled 
water volume to prevent the boiling over of water. When the sodium carbonate is completely 
dissolved, cocoon pieces are added to the boiling distilled water and stirred for 40 minutes 
using a Teflon stir bar during the boiling process  
After boiling, the distilled water is carefully drained into a sink and the silk extract is wrung 
out by hand to remove the excess water. The silk extract is then washed 3 times for 20 
minutes, each in 1L of distilled water in a lab beaker while the Teflon stir bar is used to 
circulate the volume within the beaker. 
After washing, the silk extract is wrung out again by hand and placed under a chemical hood 
to allow for drying for a 12 hours period. The next day, the dried silk extract is weighed 




b. Dialysis  
Silk fibroin fibers, extracted from Bombyx mori cocoons, are insoluble in water and 
most organic solvents. Fibroin dissolves in concentrated acidic solutions and in concentrated 
solutions of aqueous, organic and aqueous-organic salts. These solutions contain highly 
concentrated salts which must be removed by dialysis in order to prepare silk fibroin materials 
[54]. Hence, the dialysis is required for the production of silk nanofibers. 
 Accordingly, 9,3 moles of a Lithium Bromide (LiBr) solution are prepared in order to obtain 
a 20% weight per volume solution of silk. The necessary weight and volumes are calculated 
using the following equations: 
i. Silk extract weight (~3,5g) x 4 = 14 mL of total 9,3 M of LiBr Solution 
ii. (807,705 x 14 (LiBr volume))/1000 = 11,31g of LiBr to add to the distilled water 
The measured weight of Lithium Bromide is added into a beaker filled with the following 
volume of distilled water: 
• 0,8 x 14 (calculated volume in i.) = 11,2 mL of distilled water 
The solution is then poured into an appropriately sized graduated cylinder and the solution is 
brought to its final volume. The silk extract is placed into a beaker and the LiBr solution is 
poured over it. In this step, silk fibers need to be completely immersed and dissolved before 
continuing the process. 
The solution is placed into a 60°C oven for 4 hours before reaching the dialysis step where 
12mL of the solution are drawn up using an appropriately sized syringe. A 18G needle (inner 
diameter = 0,838 mm) is then placed at the end of the syringe and the solution is injected into 
a dialysis cassette (3500 MW cutoff, Slide-A-Lyzer, Thermo Scientific). After the cassette is 
filled, the remaining air is drawn out of the cassette with the emptied syringe. 
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Figure 12: Dialysis of the silk solution 
The cassette is then immersed in a beaker containing 1L of distilled water (Fig. 12). The 
distilled water volume is changed after 1 hour, 4 hours, 8 hours and then every 12 hours three 









After the dialysis, the silk solution is slowly collected from the cassette using a 
syringe. The solution is immediately placed in a 10 000g rated centrifuge tube. The solution is 
then centrifuged twice at 10 000g at 4°C for 20 minutes each. After each centrifugation, the 
supernatant is placed into a new tube. This step is done to purify the solution and getting rid 
of the impurities. Finally, the silk solution is stored in a 4°C refrigerator until the production 







d. Production of silk fibroin films 
Samples of 0,5mL of the silk solution are pipetted into a small weight dish. The 
weight dish is placed inside a 60°C dry oven for 12 hours, until the solution dries and films 
are obtained (Fig. 13). The remaining solid silk films are weighted and final silk fibroin 
solutions are ready to be prepared. Films are placed in a flask before being dissolved by a 
volume of Hexafluoroisopropanol (HFIP). The HFIP is used as a solvent for silk fibroin 
because of its strong polarity and its strong capacity to produce hydrogen bonds. Indeed, it is 
used to dissolve compounds capable of accepting these hydrogen bonds. The exact volume of 







For a specific mass concentration C of silk fibroin in the solution, the mass x of silk fibroin 
films thus corresponds to C of the total mass of the solution (e.g., if the wanted solution 
contains 6% of silk, the mass of films is equivalent to 6% of the total mass of the solution). 
Therefore, the mass of HFIP in the solution can be calculated with the following cross-
product equation: 
𝑚 =
(1 − 𝐶) ∗ 𝑥
𝐶
 
Figure 13: Silk Fibroin film 
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The prepared solution is then stirred using a Teflon stir bar until the silk films are completely 
dissolved. Solutions also need to be electrospun in without much delay to avoid the gelation 
of the silk fibroin. Gelation is characterized by a sudden increase in turbidity and shear 
moduli of the solution. The shear modulus and turbidity of the gels increased with increasing 
protein concentration so higher silk fibroin solution concentration tend to transition from 
liquid to gel more easily. Environmental conditions also seem to influence the gelation as well 
as the pH of the solution. [55] 




Electrospinning is a nonwoven manufacturing method with many advantages for 
biomedical applications. This process makes it possible in particular to form nanofibers of 
variable sizes and orientations. Electrospinning is a process that uses electrostatic forces to 
make nanofibers. The elements required for its instrumentation are as follows and are shown 
diagrammatically in Figure 14: 
- A syringe with a metal needle containing a polymeric solution or a molten polymer 
- A pump to apply a defined flow rate to the solution or to the molten polymer 
- A high voltage generator 












During electrospinning, the pump beads a drop of polymer at the tip of the needle, which is 
held by surface tension. The application of an electric field between the tip of the needle and 
the collector, using the high voltage source, induces charges in the polymer, resulting in 
repulsive interactions within the solution. This electrostatic force is then opposed to the 
surface tension of the solution. When the charge repulsion overcomes the surface tension of 
the solution, a jet is then projected in the direction of the collector. During the flight of this 
jet, the solvent in the solution evaporates and the collector then captures the resulting 
polymeric fibers [57]. 
The morphology and the diameter of the electrospun fibers depend on the various parameters 
inherent in the solution to be electrospun: surface tension, conductivity and viscosity. These 
different physical quantities depend on the molar mass of the polymer as well as on the 
polymer concentration of the solution to be electrospun.  
The morphology and diameter of fibers also depend on process parameters such as the 
intensity of the applied electric field, which can be controlled by the applied current, the 
Figure 14: Diagram of the electrospinning process [56] 
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distance between the needle and the collector substrate. The temperature and humidity of the 
atmosphere in which the experiment is conducted also control the morphology of the fibers. 
In summary, the electrospinning parameters are numerous and all impact the diameter, the 
morphology, the distribution as well as the orientation of the nanofibers. 
These parameters can be divided into three distinct categories: 
- The parameters of the solution including viscosity, surface tension or conductivity 
- The process parameters including the voltage and the flow rate applied but also the distance 
separating the needle from the collector and the diameter of the needle itself. 
- The environmental parameters including the temperature as well as the humidity of the room 
where the electrospinning is carried out [58]. 
 
a. Solution Parameters 
The viscosity of the polymer solution plays an important role in the electrospinning 
process. It is the critical key in determining the diameter and morphology of fibers. In general, 
the viscosity of the solution can be adjusted and controlled directly by adjusting the molecular 
weight and / or the concentration of the solution. The relationship between viscosity, 








Where C* is the critical concentration of the solution (concentration for which the solution is 
electrospinable), [ŋ] is the intrinsic viscosity, M is the average viscosimetric molar mass and 
K and a are constants which depend on the polymer, the solvent and of the temperature [59]. 
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Furthermore, if the viscosity is too high, the jet will break down into droplets and it will not 
be possible to form fibers, because the electrical charges will not be high enough to allow the 
fiber to be stretched [60]. 
Like the concentration, the molar mass of the polymer also has an important effect on the 
viscosity of the solution and the morphology of the fibers. At fixed concentrations, lowering 
the polymer molar mass tends to form beads rather than smooth fibers. Conversely, the 
increase in molar mass gives, after electrospinning, geometrically smooth fibers, but of 
micrometric diameter [61]. 
The conductivity of the solution is primarily determined by the type of polymer and solvent 
used. When choosing the solvent to dissolve the polymer, it is essential that this solvent has a 
certain degree of electrical conductivity. The solutions with high conductivity have a high 
surface charge density and are therefore more easily electrospinable: in fact, under a given 
electric field, there results an increase in the elongation force on the jet which is caused by the 
auto repelling excess charges from the surface [62]. 
Surface tension is an important factor which influences the morphology of electrospun 
products. In fact, the surface tension controls the possibility of obtaining fibers or pearls. The 
higher the surface tension, the higher the probability of obtaining pearls. The surface tension 







b. Process Parameters 
The formation of the jet depends primarily on the strength of the electric field applied to 
the tip of the needle, while the formation of fibers from the jet stream also depends on the 
flow of fluid and the rate of evaporation of the solvent. 
Several factors inherent in the collector affect the geometry of the fibers as well as the 
membranes. The collector has a significant effect on the productivity, structure and 
arrangement of the electrospun nanofibers. The effect of the collector is based on its ability to 
route the charges of the deposited fibers towards the mass to discharge. With a less 
conductive collector, the deposited fibers can retain some of their charges which generates 
repulsion between the fibers resulting in reduced deposition and productivity. 
The study of the effect of different support materials (polypropylene, polyethylene, 
polyethylene terephthalate, aluminum, acetate fibers, paper) and different shapes (flat plate, 
cylindrical tubes, liquid bath, grilled collector) a demonstrated that the type of collector has an 
important influence on the number of fibers collected. The conductive collector collects more 
fibers, and this is probably due to the large potential difference generated between the surface 
of the solution and the surface of the grounded collector [63]. 
To form aligned fibers, the easiest method to use is to collect the fibers on a high-speed 
rotating cylindrical collector. The advantage of this method is to collect fibers aligned over a 
large area. 
Another process parameter which deeply influence the electrospinning is the electric field. 
Indeed, the electric field is the primary factor in the electrospinning process because it affects 
the amount of charge applied to the solution. There are several conflicting reports on the 
effect of applied stress on fiber morphology and in particular on the diameter of electrospun 
fibers. Some studies have shown that as the voltage increases during electrospinning, the 
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syringe ejects more polymer solutions, which in turn increases the diameter of the electrospun 
fibers [64]. 
Other research has shown that increasing tension increases the intensity of the pull on the 
solution jet, which in turn promotes the formation of thinner fibers. Likewise, electrospinning 
with a low viscosity solution and at a higher tension can also promote the formation of 
secondary jets and this will also result in a smaller diameter of the fiber [65]. 
 
c. Environmental Parameters 
The electrospinning environmental parameters such as humidity and temperature can also 
affect fiber diameters and morphology. To assess the effect of temperature on the 
electrospinning process, a study was carried out by heating the solutions as well as the 
electrospinning enclosure to temperatures varying between 30 and 60 ° C. Under these 
conditions and with the increase in temperature, it was found that some physical properties of 
the solution such as viscosity, surface tension and conductivity varied and showed different 
values from those at room temperature. The change in these properties affects the electrospun 
fibers, which leads to a decrease in the diameter of the electrospun fibers [66]. 
On the other hand, the effects of humidity are strongly coupled with other parameters and 
operating conditions of electrospinning. Low humidity can completely dry some type of 
solvent and increase the rate of its evaporation. On the contrary, high humidity will lead to the 
formation of thick fibers having fairly large diameters [60]. 
The properties of the electrospun membrane can also be modified by the post-electrospun 
process such as making the polymer or solvent mixtures and adding additives or crosslinking 
agents which can improve the mechanical properties of the fibers and their degradation. The 
main objective of the electrospinning process is to obtain smooth, continuous nanofibers that 
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do not contain beads. Thus, it is necessary to adjust the various parameters of the process and 
the various properties of the solution to be electrospun. Numerous studies have been carried 
out in order to determine the links between the parameters of the process and the morphology 
of the resulting fibers. Some links have been demonstrated; however, no rule has yet been 
clearly defined. 
 
4. Nanofiber Imaging 
The different range of diameters of silk nanofibers were obtained by varying the 
electrospinning parameters (solution, process and environmental parameters).  Fiber diameter 
as well as morphology were observed using scanning electron microscopy (SEM) images 
obtained with the ImageJ (National Institute of Health) image analysis software. For SEM 
measurements, nanofibers were observed using the Quanta 200F SEM (FEI).  Images were 
taken at a high vacuum, with an electron beam voltage of 20 kV and a chamber pressure of 80 
Pa. 
In order to measure the diameter of mechanically tested silk nanofibers, the nanofiber was 
first transferred from the window collector to the “fork” collector. Half of the nanofiber was 
then deposited on the SEM sample holder, which has a carbon tape and foil over it, from the 
fork collector. The diameter of the fibers was measured in several locations from multiple 
SEM images to check the uniformity of the nanofiber. The other half nanofiber remained on 





5. Nanomechanical Testing 
The mechanical test of individual silk nanofiber was performed until failure with the 
developed testing protocol of Dr Dzenis’ lab. Individual silk fibroin nanofibers were 
mechanically tested to failure. The protocol for sample preparation, mechanical tests until 
failure and evaluation of mechanical properties of individual nanofibers was developed to 
perform high precision tensile testing on aligned individual nanofibers. Individual nanofibers 
in a wide range of diameters and 4-5 cm in length (controlled by process parameters) was 
electrospun onto a stainless-steel plate with a rectangular window collector and picked up by 
a fork type wire holder (Fig. 15a).  
To avoid damaging the part tested, each nanofiber was divided into two parts (Fig. 15b), one 
of which was then examined using the Quanta 200 FEG SEM (FEI) to determine the diameter 
of the nanofibers. The fiber diameter was measured in several places from several SEM 
images (to ensure nanofiber uniformity) and averaged using ImageJ image analysis software 
(National Institute of Health). 
MTS's nanomechanics testing system was used for the mechanical testing of the individual 
nanofibers under a constant strain rate of 0.001 s-1. To avoid damaging the fibers when 
gripping and template cutting, a section of 5 to 10 mm of the second part of the fiber was 




It should be noted that this method prevents the placement in the axis of nanofibers. Before 
testing the nanofibers, the system, in addition to internal calibration, was externally calibrated. 
Pre-cut pieces of sheet steel of different weights were placed on the grip while the system was 
placed vertically, and the compression force recorded (Fig. 15d). The force recorded during 
calibration the experience has changed by more than two orders of magnitude. The minimum 
force recorded was about 33 N, which is approximately an order of magnitude greater than the 







Figure 15: Sample preparation procedure and calibration of the nanomechanics testing system. (a) Schematic of the window 
collector and the procedure for obtaining individual NFs; (b) schematic of sample preparation for mechanical testing and 
diameter measurement; (c) NF mounted on the grips of the nanomechanics testing system; (d) calibration curve obtained by 
measuring the force exerted by pre-weighted steel foil samples [67]. 
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6. Raman Spectroscopy 
Raman spectra were recorded under vertical-vertical polarization (VV) (where the two 
lasers and the analyzer were vertically polarized; the fiber was also placed vertically) under 
ambient conditions using the LabRam Evolution Raman spectrometer (HORIBA Scientific). 
The nanofibers were deposited on a microscope slide. Before depositing, the slide was 
covered with aluminum foil to minimize background noise. The samples were studied using 
the green line at 532 nm of an argon ion laser. The laser beam was focused with a 100 × 
objective (0.9 NA-Olympus) and produced a spot size of approximately 0.72 μm and 
generated an intensity of <5 mW on the sample.  
The confocal hole and entry slit of the monochromator were set to 150 µm. A 600 lines / mm 
holographic grating was used. First order Raman spectra (1000-2000 cm-1) were recorded for 
each sample. At least 20 individual silkworm nanofibers were used to collect separate spectra 
from each sample. The fluorescence background was corrected using a polynomial baseline. 
The peaks of the Raman spectrum were fitted with a combined Lorentzian-Gaussian form 










7. Differential Scanning Calorimetry 
The device used in this study is the DSC 204 F1 Phoenix (Fig.16), it consists of two 
platinum cups, one contains the sample and the other contains the reference. The temperature 
sensors are attached to the two cups. A control system operating through a large temperature 
range (from -170°C to 600°C) restores the temperature difference between the two cups by 
measuring the power required. This device allows users to study and measure various thermal 
properties of materials such as; glass-transition temperatures, melting temperatures, melting 
enthalpy, crystallization temperatures, crystallization enthalpy, transition enthalpies, phase 
transformations, phase diagrams and other thermal properties. 
 
 
Figure 16: DSC 204 F1 Phoenix  
Source : https://ncmn.unl.edu/smcf/thermal-analysis-systems 
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Chapter 4: Results & Discussion 
 
1. Parametric Analysis of Electrospinning 
The morphology and diameter of the fibers depend on a lot of different parameters (i.e., 
the solution viscosity, the intensity of the applied electric field, the distance between the 
needle and the collector, ...). The control of these parameters is fundamental regarding the 
acquisition of high strength nanofibers. Besides, the aim of the parametric analysis is to 
highlight the which electrospinning parameters are required to obtain the optimal mechanical 
properties of silk fibroin nanofibers. 
During these tests, the reference used was a solution of 2% silk fibroin, a current of 10 kV, a 
flow rate of 0,25 mL/h, a distance collector-needle of 10 cm and a syringe diameter of 0,15 
mm. 
 
a. Influence of the concentration 
 
Among all the electrospinning parameters, the polymer concentration of a specific 
polymer system is considered to have the most influence in determining the final diameter of 
nanofibers. It has a direct influence on other solution parameters such as solution viscosity, 
surface tension, conductivity and ultimately has an impact on pattern development, elongation 
and solvent evaporation rate. Therefore, the fibroin concentration of the solution ultimately 
affects the diameter and morphology of the fibers.  
The use of different solvents also has an impact on several parameters as indicated above. 
However, for this project, the effect of different solvents will not be discussed.  
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Here, several solutions with a broad concentration range have been studied starting at 1% silk 
fibroin concentration to 6% silk fibroin concentration. All of the solutions have been diluted 
using Hexafluoroisopropanol (HFIP).  Table 3 shows the average fiber diameter as well as the 
microstructure of the nanofibers obtained after electrospinning for each concentration.  
Table 3: Average silk nanofiber diameter and microstructure obtained after electrospinning for different concentration 










































































































































According to these results, a lower silk fibroin concentration allows the obtention of thinner 
nanofibers (Fig.17). However, a phenomenon can be observed, especially for low silk fibroin 
concentrations: the beading of fibers. Thus, despite having a thinner diameter, the average 
volume of fibers will be higher than nanofibers obtained with a slightly higher solution 
concentration (i.e., 1,8 and 2% silk fibroin solutions). Indeed, the presence of a lot of beaded 
fibers induces a large volume of beads.  
Therefore, the beading phenomenon was investigated to draw the threshold under which 
beaded fibers are prominent. It seems that the limit is reached below a solution of 1,8% of silk 
fibroin. Even though beaded fibers can be obtained at higher concentrations, they are not as 























Silk Fibroin concentration (%)
Average Diameter (nm)
While a solution with a high silk fibroin concentration leads to an increase in the viscosity and 
in the diameter of the fiber. The electrospinning process also seems to require a minimum 
concentration of solution for fiber formation. Since low concentration solution led to the 
obtention of beaded fibers. Also, if the viscosity is too high, the jet will break down into 
droplets and it will not be possible to form fibers, because the electrical charges will not be 










The diameter distribution of nanofibers was also investigated in order to observe diameter 
variability. 2% silk fibroin nanofibers were studied due to the fact that they exhibit a very 
small number of beaded fibers compared to lower silk fibroin concentration nanofibers. The 
diameter distribution of these nanofibers can be observed in Figure 18.  
 
 
Figure 17: Average nanofiber diameter vs silk fibroin concentration 
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The diameter distribution of these fibers was compared to 1% silk fibroin nanofibers diameter 
distribution (Fig. 19). The most noticeable difference between the two diagrams is certainly 
the standard deviation that is highly superior for the 1% silk fibroin nanofibers due to the 
presence of numerous beaded fibers. Also, the mean diameter of these fibers is also superior 
to the value mentioned in Table 3 for the same concentration due to the fact that the diameter 



















Figure 18: Diameter distribution of 2% silk fibroin nanofibers 





b. Influence of the applied current 
The electric field is the primary factor in the electrospinning process because it affects the 
amount of charge applied to the solution. It appears that the increase in tension causes an 
increase in the intensity of the traction on the flow of solution, which favors the formation of 
thinner fibers. 
However, it also seems that after reaching a certain value (here 10 kV), the increase in the 
current during the electrospinning has the consequence that the syringe ejects more fibroin 
solution, which increases the diameter of the nanofibers (Table 4 & Fig. 20). 
Table 4: Average diameter of nanofiber obtained for different current values 


















However, the impact of the current applied during electrospinning on the fiber diameter is 
controversial. Indeed, as explained in Chapter 3. 3. b., several studies have been investigating 
this parameter and their results are divided. Therefore, there is no established statement about 
the effects of the applied current on the nanofiber diameter. 
 
c. Influence of Flow rate 
Another important parameter of the electrospinning process is the flow rate of the polymer 
solution inside the syringe. Generally, a low flow rate is the most recommended to have enough time 
for the solution to polarize. During the spinning of the silk fibroin nanofibers, a lower flow rate 
(0,25mL/h) enabled the obtention of thinner diameters (Table 5 & Fig. 21). 
However, a balance must be kept between the rate of flow of the solution in the syringe and the rate of 
dispensing or ejection of the jet through the tip of the needle during electrospinning. At this optimum 
feed rate, the diameter distribution of the fibers is narrow and any deviation will result in the formation 
of fibers with large diameters. In addition, when the flow rate is very high, beaded fibers with large 
diameters are formed rather than smooth fibers with fine diameter (Fig. 22), this due on the one hand 
to the short drying period before reaching the collector and on the other hand by the weak stretching 
force. 














d. Influence of the distance needle - collector 
The distance between the collector and the end of the needle can also affect the diameter and 
morphology of the fiber. During the electrospinning of silk fibroin, results showed that if the needle / 
collector distance is too short, the fiber will not have enough time to solidify before reaching the 
collector which will cause the fibers to increase in diameter. Conversely, if the distance is too long, 
circular beaded fibers can be obtained (Table 6 & Fig 23). 
Table 6: Average diameter obtained for a specific distance needle - collector 




























Distance between syringe tip and collector (cm)
Average diameter (nm) vs distance needle-collector
Figure 22: Average nanofiber diameter vs applied flow rate Figure 21: Microstructure of nanofibers obtained 
for a flow rate of 1mL/h 



















Average diameter of the 
nanofibers vs Flow rate
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e. Influence of needle diameter 
The needle diameter seems to have an impact on the nanofiber diameter as well. According to the 
results, a thinner needle diameter enables to obtain thinner nanofibers (Fig. 24). However, the very 
thin diameters shown in Table 7 can be explained by the solution concentration. Indeed, even though 
the solution used for electrospinning had a concentration of 2%, there were still a lot of undissolved 
particles in the solution. Thus, the concentration of the solution was lower than 2%. Beaded fibers 
were obtained in the process supporting the fact that the solution concentration was not at 2%. 
Table 7: Average diameter obtained for different needle diameter 





Finally, although many electrospinning parameters influence the final diameter of the silk 
nanofibers, only the viscosity of the solution has a considerable impact on the size of the 
latter. However, although a smaller diameter leads to better mechanical properties (as 




















Average diameter (nm) vs needle diameter 
Figure 24: Average nanofiber diameter vs needle diameter 
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appearance of beaded fibers. These beaded fibers are undesirable and cannot be properly 
exploited. In addition, their large number leads to a poor distribution of their diameter. 
In addition, optimizing the diameter of the fibers (obtaining a smaller diameter and reducing 
the number of beaded fibers) must go through control of the various parameters mentioned 
above. Other parameters can also have an impact on the diameter of the fibers and its 
distribution, for example humidity, temperature or even the use of different solvents. It is 
therefore necessary to know the influence of such electrospinning parameters in order to have 
the best possible fiber properties. 
 
2. Nanomechanical Testing 
In order to characterize the mechanical properties of the electrospun nanofibers, 
nanomechanical test have been performed following the protocol established by Dr Dzenis 
lab. Silk fibroin nanofibers were electrospun onto a stainless-steel plate with a rectangular 
window collector and a single fiber was picked up for the nanomechanical test. Half of the 




Several diameters of fibers have been tested in order to acquire enough data points for the 
plotting of the mechanical properties of silk fibroin nanofibers in function of their diameter. 
Results are shown in the below Figures 25 to 28. 
 
 






Figure 26: Toughness of silk fibroin nanofibers in function of their diameter 
 
Figure 26: Young’s modulus of silk fibroin nanofibers in function of their diameterFigure 27: Toughness of silk fibroin nanofibers 
in function of their diameter 
 
Figure 28: Young’s modulus of silk fibroin nanofibers in function of their diameterFigure 29: Toughness of silk fibroin nanofibers 
in function of their diameter 
 
Figure 30: Young’s modulus of silk fibroin nanofibers in function of their diameterFigure 31: Toughness of silk fibroin nanofibers 
in function of their diameter 
 
Figure 32: Young’s modulus of silk fibroin nanofibers in function of their diameter 
 
Figure 33: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 
186nm. Blue: 145nm 
 
 
Figure 34: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 
186nm. Blue: 145nmFigure 35: Young’s modulus of silk fibroin nanofibers in function of their diameterFigure 36: Toughness of 
silk fibroin nanofibers in function of their diameter 
 
Figure 37: Young’s modulus of silk fibroin nanofibers in function of their diameterFigure 38: Toughness of silk fibroin nanofibers 
in function of their diameter 
 
Figure 39: Young’s modulus of silk fibroin nanofibers in function of their diameterFigure 40: Toughness of silk fibroin nanofibers 
in function of their diameter 
 
Figure 27 Young’s modulus of silk fibroin nanofibers in function of their diameter 
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The results show a clear increase of the mechanical properties upon the reduction of the 
nanofiber diameter. Indeed, toughness, true strength and Young’s modulus are respectively 
more important for a smaller fiber diameter.  
 
The stress-strain curves of these fibers mainly showed an elastic region, followed by a long 
plateau and a strain-hardening region until the rupture of the fiber. All the properties of these 
silk fibroin nanofibers were calculated from the stress-strain obtained diagrams after the 
observation of their diameter through SEM (calculations required the area of the sample).  
Silk fibroin fibers have shown a high value of strength and strain at break which 
simultaneously leads to an increase in toughness. In addition, all trends analyzed in this study 
showed no signs of saturation, indicating a very high possibility of other performance 
improvements. 
 
Figure 28: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 
186nm. Blue: 145nm 
 
 
Figure 109: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 
186nm. Blue: 145nm 
 
 
Figure 110: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 
186nm. Blue: 145nm 
 
 
Figure 111: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 
186nm. Blue: 145nm 
 
 
Figure 112: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 
186nm. Blue: 145nm 
 
 
Figure 113: Stress strain curves of different diameter of nanofibers. Green: 905nm. Grey: 322nm. Yellow: 201nm. Orange: 




Moreover, a description of the mechanical properties of fibers that is more faithful to reality 
can be established by drawing up the true stress-strain curves of the previous nanomechanical 
tests. Indeed, when the fiber is stretched, the diameter is gradually reduced, thus influencing 
the stress undergone by the latter. So, to represent this behavior more faithfully, true stress 
and true strain are used and calculated using the following equations: 
𝑇𝑟𝑢𝑒 𝑆𝑡𝑟𝑎𝑖𝑛 = ln(1 + 𝐸𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑖𝑛𝑔 𝑆𝑡𝑟𝑎𝑖𝑛) 
𝑇𝑟𝑢𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 = 𝐸𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑖𝑛𝑔 𝑆𝑡𝑟𝑒𝑠𝑠 × 𝑒𝑇𝑟𝑢𝑒 𝑆𝑡𝑟𝑎𝑖𝑛 
As a result, new curves could be plotted (Fig. 29), exhibiting higher mechanical properties 
compared to the engineering stress-strain curves. 
These curves, and especially the one describing the behavior of a 145 nm nanofiber to tensile 
forces can be compared to the true stress-strain of natural spider silk (Fig. 30). The results 
show that the 145-nanometer-diameter nanofiber can withstand twice as much strain as a 
spider's silk thread.  










Furthermore, other natural single fibers have also been investigated (Fig. 31). The Figure 
allows to distinguish the enormous difference in mechanical property between nanofibers and 
these latter.  
A significant gap in mechanical properties between natural fibers and silk fibroin nanofibers 
can be observed. The highest resistance and modulus values of measured silk nanofibers are 
5-7 times higher than the typical commercial silkworm silk of Bombyx mori cocoons and on 
par with the highest reported strength and modulus of others fiber like Kevlar [69-70]. 
However, the stress-strain curve of the hair is not representative of reality since the slippage 
of the hair fiber in the epoxy has happened for every nanomechanical test. The end of its test 
Figure 140: Comparison of the true stress-true strain curves of natural spider silk and spider silk gut fibers [68] 
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corresponds to the slippage of the hair rather than its rupture. Besides, literature values for 
hair usually reach an ultimate strength of 200 MPa [71]. 
Thus, the high mechanical properties observed testify to the incredible potential of silk 
nanofibers which could lead to new revolutionary technical and medical applications. 
However, the mechanical aspect of these nanofibers is not the only parameter to be taken into 
account for their development. Indeed, their thermal properties also play an important role and 
must be carefully studied. In addition, the potential bio composite applications of these 
nanofibers will require control of the alignment, an essential parameter of any composite 
material. Measures will have to be put in place to control this alignment of the nanofibers 
such as for example the use of a rotating cylindrical collector during the electrospinning 
process (parameter which was not tested during this study). 
 
 
Figure 31: Stress-strain curves of natural fibers. Grey: hair (42,2 μm). Yellow: Cotton (12,87 μm). Blue: Degummed Silk 
(11,3μm). Orange : silk fibroin (145 nm) 
56 
 
3. Raman Spectroscopy 
Raman spectroscopy is an important tool for studying the deformation of polymer fibers. 
It provides well-defined Raman spectra obtained from highly oriented and high modulus 
polymer fibers. When such fibers are deformed, the bonds in the backbone chains are strained, 
resulting in a decrease in the wavenumbers of the bands with Raman activity by an amount 
Δν, depending on the material, the modulus, the structure of fibers and the band considered. 







Raman spectra of 2% silk fibroin nanofibers and degummed silk fibers of silkworm and in the 
range of 800-1800 cm-1 are shown in Figure 33. The most prominent Raman-active bands are 
located approximately at 1085, 1232, and 1669 cm-1 for degummed silk. These bands have 
been allocated in previous studies and are characteristic to the vibrational modes of the 
proteins in silk fibroin and their allocations are shown in Table 8 [73-74]. 1232 cm-1 and 
1667 cm-1 bands correspond to the β-sheets in the silk fiber, i.e., the silk II conformation, and 
the 1085 cm-1 band corresponds to random-coil conformation. 
Figure 32: Raman spectra of silk (red)) and fibroin (black) fibers [72] 
 
Figure 141: DSC heating curves of degummed B. mori silk fiber (black) and lyophilized silk fibroin hydrogel (red).Figure 142: 
Raman spectra of silk (red line) and fibroin (black line) fibers. 
 
Figure 143: Raman Spectra of silk nanofibers and degummed silkFigure 144: Raman spectra of silk (red)) and fibroin (black) 
fibers. 
 
Figure 145: DSC heating curves of degummed B. mori silk fiber (black) and lyophilized silk fibroin hydrogel (red).Figure 146: 
Raman spectra of silk (red line) and fibroin (black line) fibers. 
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For 2% silk fibroin nanofibers, the same specific bands can be observed for the same 
wavenumber. Therefore, it seems that no exterior phenomenon occured such as fiber 
deformation during electrospinning. That phenomenon would result in a shift to bands to 
lower wavenumbers and similar behaviors have been observed for a number of different types 



























a Values are given for the dragline silk and may vary depending on the type of silk. 
b C1 and C2 are carotenoid and isoquinoline compounds, respectively. 
c Values in parenthesis correspond to the β-sheet conformation 
Table 8: Position and Assignment of Different Bands of Silk Proteins [77] 
 
Figure 147: Raman spectra of silk (red line) and fibroin (black line) fibers.Table 9: 
Position and Assignment of Different Bands of Silk Proteins [38] 
 
Figure 28: DSC heating curves of degummed B. mori silk fiber (black) and lyophilized silk 
fibroin hydrogel (red).Table 10: Position and Assignment of Different Bands of Silk 
Proteins [38] 
 
Figure 148: Raman spectra of silk (red line) and fibroin (black line) fibers.Table 11: 
Position and Assignment of Different Bands of Silk Proteins [38] 
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Different silk fibroin concentrations have also been measured using Raman spectroscopy 
(Fig.34). The results show that varying the composition of silk fibroin does not affect the 
molecular composition and external structure of the nanofibers as the final spectra are very 
similar to each other. Indeed, the Raman spectra exhibit the main Raman bands of silk fibroin 
at the same wavenumbers, no Raman shift can be observed.  
Moreover, the degree of crystallinity of the nanofibers does not seem to be affected by the 
change of composition of the nanofibers. The intensity and broadness of the major peaks 
which characterize the crystallinity of the sample is slightly fluctuating but no particular 
pattern seems to prevail. Indeed, the 4% silk fibroin spectrum exhibits broader and more 
intense peaks than other composition of silk fibroin spectra. For both higher (6% silk fibroin) 
and lower (2% silk fibroin) compositions, peaks are less intense. However, the crystallinity 
must be further investigated using Differential Scanning Calorimetry. 




4. Differential Scanning Calorimetry 
Thermal analysis of degummed silk fibroin and silk nanofibers was presented as a 
differential thermal calorimetric curve (Fig. 35). The DSC curve of degummed silk fibroin 
exhibited a silk I Tg at 170°C with a steep slope. Also, both curves of showed the presence of 
silk II conformation, due to the absence of peak at 230°C characterizing a mainly silk I 
conformation. 
The two curves showed higher degradation temperatures than those reported in the literature 
(250 ° C for silk I and 260 ° C for silk II) [78]. In addition, a small endothermic peak can be 
observed at around 35 ° C, it corresponds to the peak of water evaporation. This peak is not 
significant here because both samples were dried before undergoing DSC analysis. However, 
bound water is usually found in the amorphous region of fibroin. An increase in crystallinity 
would cause both the evaporation temperature and the peak area to decrease. 
A change in conformation by the crystallization of silk fibroin from a random coil to a β-sheet 
causes the existence of an exothermic curve. In the degummed silk DSC curve, an exothermic 
peak was observed at around 175 ° C which is attributed to conformational change of shape 
while an endothermic peak observed near 304 ° C is attributed to conformational change of 
shape in the random coils.  
The decomposition peaks of the silk fibroin nanofibers (endotherms around 275 ° C) were 
shifted downwards relative to the degummed silk fiber, indicating the lower thermal stability 
of the regenerated samples. The poor thermal stability may be due to lower crystallinity as 
well as a decrease in molecular weight during the degumming process of regenerated fibroin 




Figure 35: DSC curves of degummed silk and 2% silk fibroin nanofibers 
Figure 36 illustrates other curves obtained for degummed silk and silk fibroin. [80]. One 
noticeable difference is that the experimental DSC curve of degummed silk exhibits a sharp 
drop at 200°C. Such drop was probably caused by the presence of an artifact. Artifacts are 
effects that are not caused by the sample under investigation. In this case, contamination of 
the sensors caused by residues of a sample from previous experiments could explained the 
shape of the artifact. The lid of the pan which bursts as a result of increasing vapor pressure of 
the sample could also be a probable option since such event produces an endothermic peak 
with a height of 0.1 mW to 100 mW depending on the quantity of gas or vapor evolved [81]. 
The experimental DSC curve of silk fibroin may also exhibit an artifact. Indeed, between 
275°C and 320°C, an oscillating shape of the curve can be observed. It may be explained by 
the entry of cool air into the measuring cell due to a poorly adjusted measuring cell lid which 
leads to temperature fluctuations which cause a very noisy signal. Several DSC experiment 





Moreover, other DSC should be performed to observe the impact of 1st and 2nd heating of the 
sample. This experiment could show meaningful results as the first heating scan in DSC is 
mostly used for removal of residual solvents, and erase the thermal history of the polymer. 
However, there is some exception especially for biopolymers like silk fibroins where the 
major transitions are obtained in the first run as gelatinization or protein denaturation occurred 
during the second heating.  
Also, the glass-transition temperature and melting temperature can be different in first and 
2nd heating as well as the crystallinity. This means that the microstructure of the silk fibroin 
would be different after first the heating. [82] Finally, it could provide significant information 
on the crystallinity of nanofibers and on the orientation of chains. 
 
 
Figure 36: DSC heating curves of degummed B. mori silk fiber (black) and lyophilized silk fibroin hydrogel (red). 
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Chapter 5: Conclusion 
 
1. Current Conclusion 
Spider silk is an extremely interesting subject of study to this day, both for its incredible 
mechanical properties and for its development, which is still hampered by many factors. The 
cannibalism of spiders thus making their breeding impossible, other solutions have been 
considered, in particular recombinant spider silk. While researchers have succeeded in 
producing recombinant spider silk by inserting the silk encoder genes into other organisms, its 
mechanical properties are still far from those of natural spider silk. Faced with this size 
problem, another alternative was also considered: the production of nanofibers. 
The main appeal to the nanoscale of these fibers is that it reduces the size of the defects that 
can lead to the material breaking, but it also reduces the probability of getting a defect on the 
fiber. Thus, Bombyx Mori silk was chosen for this task because their cultivation is common 
and inexpensive. The main objective of this research was therefore to study the properties of 
silk fibroin nanofibers produced by electrospinning. 
A parametric study was therefore carried out on the main factors influencing the diameter of 
the nanofibers produced (process parameters and solution parameters). This analysis revealed 
the importance of the silk fibroin concentration. Indeed, a lower concentration makes it 
possible to obtain electrospun nanofibers of smaller size, but this also promotes the 
appearance of beaded fibers which are undesirable. Thus, a concentration threshold has been 
determined below which pearl fibers are ubiquitous. This threshold has the value 1.8 - 2% silk 
fibroin concentration. 
The nanofibers produced were then tested using nanomechanical tests in order to obtain their 
mechanical properties. The results clearly show that fibers with smaller diameters have the 
best properties. In addition, the true stress-strain curves showed that Bombyx Mori silk 
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nanofibers could compete with natural spider silk in terms of mechanical properties. Indeed, 
these nanofibers were able to withstand a stress twice as great as a spider's silk thread. 
Moreover, the limits of these fibers have not yet been determined and the tendency of the 
curves seems to indicate that smaller nanofibers would make it possible to achieve even better 
properties. 
 
2. Future work 
 
More in-depth research must still be carried out, in particular on the composition of 
nanofibers and more particularly on their degree of crystallinity. For this, new differential 
scanning calorimetry analyzes must be carried out. Their impact on the final properties of 
nanofibers is also an aspect to be further explored. 
In addition, a development of the electrospinning process could make it possible to better 
control the distribution of the diameter of nanofibers as well as their alignment for composite 
applications. 
The phenomenon of beading of fibers is also an avenue to be investigated since their presence 
strongly affects the distribution of the diameter of the fibers obtained. 
In addition, the influence of environmental parameters has not been studied in this report and 
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